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impacts of the continuous maize 
cultivation on soil properties 
in Sainyabuli province, Laos
Kazuhiko fujisao1, phanthasin Khanthavong2,5, Saythong oudthachit2, naruo Matsumoto3, 
Koki Homma 4*, Hidetoshi Asai3 & tatsuhiko Shiraiwa1

in tropical mountainous areas, soil degradation and yield decrease have been anticipated due to 
conversion from shifting to continuous cultivation and the introduction of cash crops. in our previous 
report, we quantified the decrease in maize yield under continuous cultivation in farmers’ fields in 
Laos. in this report, we focused on soil nutritional conditions under continuous cultivation in the 
farmers’ fields. For the purpose, twelve soil properties were investigated over two years from three 
sample sites in each of the 40 farmers’ fields with the duration of continuous cultivation varying from 
1 to 30 years. Total carbon (TC), total nitrogen (TN), available phosphorus, exchangeable potassium, 
and exchangeable calcium in the soil decreased with increasing duration of continuous cultivation in 
the sloped fields. These soil nutrients decreased to around half of the initial content in these 30 years. 
However, the decreasing rates of TC and TN were negligible in the flat fields. Other soil properties 
such as clay and exchangeable magnesium were not related to the duration of continuous cultivation 
in both sloped and flat fields. The reduction in maize yield was mainly explained by TC, but the 
determination coefficient was only 0.24. Although further analysis is required to quantify the effect 
of soil nutrients on maize production, the development of integrated soil management would be 
necessary in the sloped fields for sustainable crop production in the study site.

In Southeast Asia, farmers traditionally practiced shifting cultivation in mountainous areas, but they have 
adopted continuous cultivation in recent  years1,2. In Laos, maize (Zea mays L.) is one of the representative crops 
produced in converted continuous cultivation. However, maize has been cultivated without fertilizers or any 
effective soil conservation practices. Thus, we investigated the chronosequential changes in maize productivity 
in farmers’ fields in Kenthao District in Sainyabuli Province, one of the leading maize production districts in 
 Laos1. Our previous report showed that maize production has continued for 30 years, but the yield has decreased 
gradually. The results also showed that the profitability in 11% of farmers’ fields was already  low1.

Several studies have reported that the decrease in maize yield is associated with soil degradation under 
continuous  cultivation4–7. Lestrelin and  Giordano8 indicated that soil degradation in upland fields in Laos was 
induced by a change in the land use system in recent years. Moreover, in tropical climate zones, the soil is easily 
degraded by high temperatures, which induces decomposition of soil organic  matter9 and high rainfall intensity, 
which can accelerate soil erosion, particularly in the rainy  season10.

Previous studies have also reported that continuous maize cultivation is associated with decreasing soil 
nutrients due to soil degradation. Dalal and  Mayer11 reported a decrease in total carbon (TC) during continuous 
maize cultivation for 70 years in Australia, while Juo et al.4 reported a decrease in TC, exchangeable magnesium 
(Ex-Mg), and exchangeable calcium (Ex-Ca) during continuous maize cultivation for nine years in Nigeria. 
A reduction in available phosphorus (Av-P) and exchangeable potassium (Ex-K) was also reported in a field 
investigation during 11 years of maize cultivation in the  USA5. Similarly, the decreasing trends of Ex-K, Ex-Mg, 
and Ex-Ca were detected during continuous cultivation for around 80 years in  Kenya7. The differences observed 
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in decreasing soil nutrients may be associated with climatic and pedological characteristics, rather than local 
characteristics.

The decreasing rate of soil nutrients is also associated with topological characteristics. The soil at the upper 
part of the sloped fields rapidly degrades because of erosion, but there is minimal erosion at the lower part 
because of sedimentation. Pennock et al.12 reported a decreasing trend of TC at the upper part of the sloped 
fields and an increasing trend at the lower part. Additionally, soil erosion increases with increasing slope angle 
of  fields13–16. As a majority of maize in Sainyabuli province is grown on steep sloping lands, the effect of soil 
erosion might be considerable. Therefore, the decreasing rate of soil nutrients with topological characteristics 
should be analyzed.

The long-term trend of soil conditions was analyzed using the chronosequence method, in which, the soil 
conditions among discrete fields with various durations under particular cultivation management were com-
pared. This method has been used in several  studies7,17,18. Nyberg et al.18 conducted a field investigation at eight 
Kenyan sites with various maize cultivation durations to evaluate soil property trends under crop cultivation that 
had been operating for 120 years. A similar investigation evaluated the trends in soil conditions for 80 years in 
several farmers’ fields in  Kenya7. In our previous report, the choronosequence method was used to evaluate the 
trend of maize yield under continuous cultivation in Kenthao District, Sinyabuli  Province3.

In this report, we focused on soil nutritional conditions (e.g., TC, total nitrogen (TN), Av-P, exchangeable 
cation, soil pH, and soil texture) in farmers’ fields in Kenthao District, Sainyabuli Province, Laos. The soil prop-
erties were analyzed with the duration of continuous maize cultivation and topo-sequential positions to assess 
productivity under continuous maize cultivation using the chronosequential method.

Materials and methods
Study area. This research was conducted in the same location as that of a previous study in Kenthao District 
in Sainyabuli  Province3 (Fig. 1). The average rainfall and the average temperature in the rainy season in the prov-
ince are 1,049 mm and 27.5 °C, respectively. Soils in the study area are categorized into Acrisol in the soil map 
as per the Food and Agriculture Organization taxonomy, and Ultisol in the global soil regions map as per the 
United States Department of Agriculture taxonomy. Maize cultivation was introduced 30 years ago in Kenthao 
District. The duration of continuous maize cultivation varied from 1 to 30 years among the fields, depending 
on the reclamation time when the fields were prepared from the primary or secondary forest. During continu-
ous cropping, the following field management has been conducted in the investigated fields, as reported in our 
previous  study3. Only maize was cultivated once in the rainy season, and no crops were cultivated in the dry 
season. Most of the farmers in our study used hybrid seed varieties from Charoen Pokphand Seeds Co. Ltd. The 
fields were tilled using tractors with a disk plow between April and May, followed by sowing. After harvesting the 

Figure 1.  Map of the study area, including the investigation fields and villages in Kenthao District, Sainyabuli 
Province. The open and closed dircle symbols represent the investigated maize fields and the non-cultivation 
fields, respectively. The triangles symbols represent the villages.
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grains between September and November, stems and leaves were left in the fields. The farmers did not use any 
fertilizers or practice fallowing during continuous maize cultivation. This cultivation management was consist-
ent in all of the farmers’ fields investigated in this study.

Study fields and classification. In 2014 and 2015, 21 and 19 fields were investigated in two villages 
(Fig. 1), respectively. The field size varied from 0.3 ha to 2 ha and was 0.9 ha on average. Three sample sites were 
selected to equally distribute the slope with the maximum angle in each field, and the locations of the sample 
sites were measured with a global positioning system (GPS). To evaluate the effect of topological characteristics 
on soil properties under continuous cultivation, the sample sites were categorized into four topo-sequential 
positions: upper, middle, lower, and flat positions. The categorization defined fields into two groups: sloped (i.e., 
slope angles over 8°) and flat fields. The slope angle of the fields was determined using the positional informa-
tion of the three sample sites measured with GPS and QGIS using the data from the Advanced Spaceborne 
Thermal Emission and Reflection Radiometer Global Digital Elevation Model (ASTER GDEM ver. 2, NASA). 
Subsequently, the sample sites of the sloped fields were categorized into the upper, middle, or lower position per 
the relative elevation of the three sample sites in each slope field. The three sample sites of each flat field were 
categorized into flat positions. Nine samples from primary or secondary forest were selected as soil sample refer-
ences for non-cultivation fields.

Soil analysis. The soil was collected from the surface (between 0 and − 15 cm) using a scoop from where 
the canopy formed representative growth at each sample site during maize maturity time from September to 
October. The following soil analyses were performed after air-drying the soil samples at room temperature and 
removing gravel from the samples using a 2-mm sieve. TC and TN contents were measured by the combustion 
method using JM 3,000 (J-Science Lab Co., Ltd.). Av-P was extracted from 1 g of air-dried soil using 20 mL of the 
extraction liquid by the modified method of Bray No.  219. The extracted Av-P was colored using the vanadate-
molybdate reagent and the concentration was determined using a spectrophotometer UV-1600 (Shimadzu Co.). 
Exchangeable cations were measured using atomic absorption and flame photometry using SPCA-6610 (Shi-
madzu Co.) after extraction using 1 M ammonium acetate. Soil pH was measured for the solution containing 
air-dried soil and distilled water in the ratio of 1:2.5  (H2O). The gravel content was determined by using 300 g 
oven-dried soil and a 2 mm sieve. After gravel was removed from the soil samples, clay and silt were separated 
from the supernatant of the soil suspension using a pipette. After removing clay and silt from the soil suspension, 
sand sediment was extracted. The weights of clay, silt, and sand were measured after drying them overnight at 
105 °C. Following this, the ratio of each soil particle fraction was calculated.

Maize yield analysis. Yield was quantified during the crop maturity season in September and October. 
Grain was collected from 3 × 3 m plots where soil samples were collected at each sample site. The grains were 
dried for 72 h at 70 °C, and then the dry weight was measured. Yield was calculated from the dry weight of the 
grain seed with a moisture content of 15%.

Statistical analysis. Analysis of covariance (ANCOVA) was performed to determine the effect of the dura-
tion of continuous maize cultivation and the topo-sequential positions on the soil properties. To analyze the 
relationships between the duration of continuous maize cultivation and soil properties in the sloped fields, linear 
regression analysis was performed. The initial contents and decreasing rates of soil properties were estimated by 
the intercepts and slopes in the linear regression line, respectively. ANCOVA was also performed to determine 
the effect of soil properties and topo-sequential positions on maize yield. R (ver. 3.3.2, R Core Team) was used 
for all statistical analyses.

Results
characteristics of soil properties. TC ranged between 2.8 and 43.7 g C  kg-1 in the study fields. Av-P 
ranged widely between 1.9 and 76.8 mg  P2O5  kg-1, but three-quarters of samples were under 8.5 mg  P2O5  kg-1. 
Ex-K also widely ranged between 0.08 and 1.16  cmolc K  kg-1. The TC, TN, and Ex-K contents were relatively 
high in non-cultivation fields than in cultivation fields (Table 1). In addition, the contents of TC, TN, Av-P, Ex-K, 
and Ex-Ca were relatively high in the fields where the duration of continuous cultivation was less than 10 years.

Relationships between soil and continuous maize cultivation. The results of ANCOVA for analyz-
ing the effect of continuous maize cultivation on soil properties are shown in Table 2. The effect of the duration of 
continuous maize cultivation on the content of TC, TN, Ex-K, and Ex-Ca was statistically significant. There was 
a weak effect of continuous maize cultivation on Av-P content (p value < 0.1). Among the four topo-sequential 
positions, only the effect of the flat position was significant on TC, TN, Ex-K, and sand. The interaction effect 
between the duration of continuous cultivation and the flat position on TC, TN, Ex-K, and gravel was also sig-
nificant. The total coefficient of the cultivation duration and the interaction between the cultivation duration and 
the flat position was close to zero on TC, TN, and Ex-K. This result indicates that the rate of decrease of these soil 
properties was quite low in flat positions.

Since the interaction of the cultivation duration and topo-sequential position was not significant on TC, 
TN, Av-P, Ex-K, and Ex-Ca in ANCOVA results in the three topo-sequential positions in the sloped fields, 
a linear regression analysis was performed for those soil properties in the sloped fields. The R-square values 
of the regression line for TC, TN, Av-P, Ex-K, and Ex-Ca were 0.30, 0.33, 0.12, 0.24, and 0.11, respectively 
(Table 3). The decreasing trend of TC, TN, and Ex-K was clear in the sloped fields during continuous cultivation 
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(Fig. 2). Although the relationships between the cultivation duration and the contents of Av-P and Ex-Ca 
were weak, the effects of the cultivation duration on the soil nutrients were significant (Table 3). Based on the 
linear regression line, the decreasing rate of TC, TN, Av-P, Ex-K, and Ex-Ca was estimated to be − 0.48 g C 
 kg-1 year-1, − 0.028 g N kg-1 year-1, − 0.38 mg  P2O5  kg-1 year-1, − 0.011  cmolc K  kg-1 year-1, and − 0.37  cmolc Ca 
 kg-1 year-1, respectively, (Table 3). The initial contents of these soil items were estimated as 29 g C  kg-1, 2.0 g N kg-1, 
15 mg  P2O5  kg-1, 0.55  cmolc K  kg-1, and 31  cmolc Ca  kg-1, respectively. The contents of these soil items in non-
cultivation fields were 30 g C  kg-1, 2.0 g N kg-1, 4.1 mg  P2O5  kg-1, 0.60  cmolc K  kg-1, and 21.9  cmolc Ca  kg-1, 
respectively. The estimated initial contents of TC, TN, Ex-K, and Ex-Ca were close to the contents observed 
in non-cultivation fields. However, the estimated initial content of Av-P was four times larger than that in 
non-cultivation fields. The Av-P content was lower in non-cultivated fields than that in fields with a cultivation 
duration of less than 10 years.

Relationships between soil properties and maize yield. Maize yield was weakly related to TC, 
TN, and Ex-K, and the determination coefficients were 0.24, 0.19, and 0.28, respectively (Fig. 3). The relation-
ship between yield and Av-P was not clear, but yield tended to be high with increasing Av-P. Although Ex-Ca 
decreased with increasing cultivation duration, yield was not related to Ex-Ca. The results of ANCOVA sug-
gested that the topo-sequential positions and their interactions with soil properties did not have large effects on 
yield (data not shown).

Discussion
trends in soil properties under continuous maize cultivation. This study evaluated the change in 
soil properties under continuous maize production using the chronosequence method. The evaluation represents 
a 30-year change in Kenthao District in Sainyabuli Province, where cultivation management without fertilizer 
application was the standard practice among  farmers3. To evaluate the changing trends of soil properties, the 
current study applied a linear function because the function is generally more robust in these cases. The results of 
ANCOVA showed that the interactions between the cultivation duration and the three topo-sequential positions 
in the sloped fields were not significant for TC, TN, Av-P, Ex-K, and Ex-Ca, suggesting that the decreasing rates 
were not obviously different among the three topo-sequential positions in the sloped fields (Fig. 2). In the sloped 

Table 1.  Decadal difference of the soil properties at each topo-sequential position. The values of soil 
properties are shown as the average value ± standard deviation.

Position Field type
Cultivation 
duration (year) TC (g C  kg−1) TN (g N  kg−1)

Av-P (mg  P2O5 
 kg−1)

Ex-K  (cmolc K 
 kg−1)

Ex-Mg  (cmolc Mg 
 kg−1)

Ex-Ca  (cmolc Ca 
 kg−1)

Non-cultivation fields (n = 9) 0 30 ± 6 2.0 ± 0.3 4.1  ± 1.7 0.60  ± 0.06 21.9 ± 10.6 10 ± 3

Slope fields

Upper position (n 
= 32)

1–10 31 ± 10 1.9 ± 0.5 13.3 ± 13.0 0.44 ± 0.20 11.0 ± 2.2 30 ± 9

11–20 17 ± 7 1.3 ± 0.3 4.8 ± 2.9 0.19 ± 0.04 9.9 ± 2.4 21 ± 8

21–30 18 ± 7 1.3 ± 0.3 4.2 ± 1.4 0.17 ± 0.05 10.8 ± 3.7 25 ± 16

Middle position (n 
= 32)

1–10 31 ± 8 2.0 ± 0.4 13.5 ± 11.4 0.52 ± 0.28 10.3 ± 2.9 29 ± 8

11–20 19 ± 7 1.3 ± 0.3 3.7 ± 1.2 0.26 ± 0.10 11.2 ± 3.6 22 ± 9

21–30 19 ± 5 1.3 ± 0.3 6.1 ± 6.4 0.25 ± 0.15 10.6 ± 4.6 22 ± 11

Lower position (n 
= 32)

1–10 31 ± 9 1.9 ± 0.5 16.7 ± 25.0 0.53 ± 0.31 10.0 ± 2.3 28 ± 6

11–20 24 ± 7 1.5 ± 0.3 7.3 ± 5.0 0.39 ± 0.17 10.9 ± 3.0 24 ± 7

21–30 21 ± 5 1.4 ± 0.3 5.2 ± 2.0 0.26 ± 0.13 9.5 ± 4.4 20 ± 10

The flat fields Flat position (n 
= 24)

1–10 16 ± 2 1.2 ± 0.1 21.3 ± 13.3 0.26 ± 0.09 4.1 ± 0.4 13 ± 3

11–20 19 ± 7 1.4 ± 0.3 19.2 ± 19.6 0.34 ± 0.16 8.5 ± 1.8 21 ± 4

21–30 17 ± 7 1.3 ± 0.4 8.5 ± 4.1 0.33 ± 0.18 8.1 ± 3.8 21 ± 8

Position Field type
Cultivation 
duration (year)

Ex-Na  (cmolc 
K  kg−1) pH Clay (%) Silt (%) Sand (%) Gravel (%)

Non-cultivation fields (n = 9) 0 0.1 ± 0.0 6.4 ± 0.2 51 ± 7 24 ± 5 16 ± 3 10 ± 4

Slope fields

Upper position (n 
= 32)

1–10 0.2 ± 0.1 6.7 ± 0.2 41 ± 16 33 ± 11 19 ± 5 7 ± 8

11–20 0.1 ± 0.1 6.6 ± 0.4 31 ± 11 26 ± 10 27 ± 13 16 ± 22

21–30 0.2 ± 0.1 6.5 ± 0.5 40 ± 10 25 ± 7 23 ± 10 11 ± 11

Middle position (n 
= 32)

1–10 0.2 ± 0.2 6.7 ± 0.2 43 ± 11 29 ± 6 21 ± 7 7 ± 7

11–20 0.1 ± 0.1 6.6 ± 0.5 33 ± 8 29 ± 7 26 ± 8 12 ± 12

21–30 0.2 ± 0.1 6.5 ± 0.5 41 ± 11 27 ± 6 24 ± 8 8 ± 8

Lower position (n 
= 32)

1–10 0.2 ± 0.2 6.6 ± 0.2 42 ± 15 30 ± 8 21 ± 5 8 ± 6

11–20 0.1 ± 0.1 6.6 ± 0.5 39 ± 8 32 ± 7 24 ± 10 4 ± 4

21–30 0.1 ± 0.1 6.5 ± 0.5 45 ± 6 26 ± 5 23 ± 6 6 ± 5

The flat fields Flat position (n 
= 24)

1–10 0.1 ± 0.1 6.3 ± 0.0 23 ± 1 25 ± 0 51 ± 2 1 ± 1

11–20 0.2 ± 0.2 6.7 ± 0.3 36 ± 9 30 ± 10 28 ± 3 7 ± 5

21–30 0.2 ± 0.1 6.4 ± 0.2 36 ± 12 20 ± 5 29 ± 9 11 ± 9
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fields, soil erosion generally causes nutrient loss, especially in the upper part. Quine and  Zhang20 reported the 
presence of relatively higher loss of soil and relatively lower TC content in the upper part of sloped fields. A lower 
distribution of Av-P in the upper part of the sloped fields was also observed due to soil  erosion21. In this study, 
the coefficients of the interaction of the cultivation duration and upper topo-sequential positions were relatively 
low compared to the lower positions on TC, TN, Av-P, and Ex-K (Table 2), which suggests the possibility of high 
nutrient loss in the upper part of the sloped fields. However, the results of ANCOVA did not imply the redistri-
bution of soil nutrients by soil erosion in the sloped fields.

The decrease in TC and TN contents might be enhanced by the decomposition of soil organic matter. TC and 
TN would be decomposed in all topo-sequential positions because soil temperature and moisture are suitable 
in tropical conditions. However, the decreasing rates of TC and TN were almost zero at the flat positions of the 
flat fields (Table 1). Further, the contents of TC and TN at all the flat positions were as low as those in the fields 
where the duration of continuous cultivation was 21 to 30 years in the upper position. This finding indicates that 
they already reached an equilibrium status of decomposition and input from crop residue. The lower content of 
TC and TN in the flat fields where the duration of continuous cultivation was 1 to 10 years may be associated 
with the soil conditions before the reclamation of the forest.

Table 2.  ANCOVA results to estimate the effects of maize cultivation duration and topo-sequential position 
on soil properties. † , *, **, and ***Represent statistical significance at p < 0.1, 0.05, 0.01, and 0.001, respectively.

TC TN Av-P Ex-K Ex-Mg Ex-Ca

Cultivation duration [D] − 0.41** − 0.025*** − 0.36† − 0.010** − 0.05 − 0.42*

Topo-sequential position

Lower 0.00 0.000 0.00 0.000 0.00 0.00

Middle [M] − 0.13 − 0.005 − 1.87 0.002 − 0.11 0.48

Upper [U] − 1.52 − 0.133 − 0.80 − 0.111 − 0.63 − 1.64

Flat [F] − 10.86** − 0.707** 5.60 − 0.307** − 2.89 − 9.70†

Interaction

[D] × [M] − 0.11 − 0.005 0.01 − 0.004 0.04 − 0.02

[D] × [U] − 0.08 − 0.001 − 0.07 − 0.001 0.06 0.15

[D] × [F] 0.42* 0.026* − 0.05 0.012
* 0.04 0.29

Intercept 29.6*** 2.0*** 15*** 0.59*** 11*** 31***

R-square 0.30 0.33 0.17 0.29 0.09 0.13

Adjusted R-square 0.26 0.29 0.11 0.24 0.03 0.08

Ex-Na pH Clay silt Sand Gravel

Cultivation duration [D] − 0.0033 − 0.009 0.17 − 0.23 0.14 − 0.09

Topo-sequential position

Lower 0.0000 0.000 0.00 0.00 0.00 0.00

Middle [M] 0.0004 0.079 − 1.26 − 3.16 1.74 2.67

Upper [U] − 0.0196 0.017 − 3.89 0.90 0.89 2.10

Flat [F] − 0.0746 − 0.106 − 2.12 − 5.02 18.84** − 11.70†

Interaction

[D] × [M] 0.0009 − 0.002 − 0.09 0.12 − 0.05 0.02

[D] × [U] 0.0025 0.001 − 0.04 − 0.13 − 0.04 0.21

[D] × [F] 0.0054 0.000 − 0.23 0.01 − 0.57† 0.78*

Intercept 0.21*** 6.7*** 39*** 33*** 20*** 7†

R-square 0.03 0.07 0.05 0.13 0.17 0.11

Adjusted R-square − 0.03 0.01 − 0.01 0.07 0.11 0.06

Table 3.  Results of the regression analysis to estimate the effect of maize cultivating duration on five soil 
properties in sloped fields. ***Represents statistical significance at p < 0.001.

TC TN Av-P Ex-K Ex-Ca

cultivating duration − 0.48*** − 0.028*** − 0.38*** − 0.011*** − 0.37***

intercept 29.1*** 2.0*** 15*** 0.55*** 31***

R-square 0.30 0.33 0.12 0.24 0.11

adjusted R-square 0.29 0.32 0.11 0.24 0.10
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Our previous report showed that maize production has been decreasing during continuous cultivation for 
30  years3. This phenomenon corresponds to the change in soil properties observed in this study. The contents 
of TC, TN, Av-P, and Ex-K were associated with maize yield (Fig. 3). This result indicated that the decrease in 
TC, TN, Av-P, and Ex-K might cause a yield reduction. Numerous studies have also reported the association of 
soil carbon with soil fertility and consequently, crop  productivity22–24. The contents of TC, TN, Av-P, and Ex-K 
correlated with yield, but each soil property explains a small proportion of the yield variance (Fig. 3). It is neces-
sary to analyze the relationship between the soil properties and yield in detail to clarify the mechanism of yield 
reduction during continuous maize cultivation in the study area.

Degradation rate of soil properties. Since the estimated initial contents of TC, TN, and Ex-K based 
on the intercept of the linear regression line were close to the contents observed in non-cultivation fields, the 
estimated initial contents were presumably close to the actual initial content. In terms of Av-P, unlike other soil 
nutrients, the estimated initial content was higher than the content in non-cultivated fields. Since the content of 
Av-P often increased by the reclamation of  forest25,26, the Av-P content at first maize cultivation might be close 
to the estimated initial content rather than the content in non-cultivation fields. The decreasing rates and initial 
contents based on linear regression analysis suggested that TC, TN, Av-P, and Ex-K in surface soil decreased to 
50%, 58%, 24%, and 40% of the initial content, respectively, under continuous maize cultivation for 30 years. Our 
results suggest that soil degradation under continuous maize cultivation has a critical impact in the study area.

The decreasing rate of TC under crop cultivation is generally faster in tropical climate zones than in temper-
ate climate zones because high temperatures accelerate decomposition  rate9. Moebius-Clune et al.7 reported a 
decreasing rate of organic matter to be around − 2.5 g kg-1 year-1 in continuous maize cultivation for 40 years 
in Kenya, from which the decreasing rate of TC is estimated to be − 1.5 g C  kg-1 year-1 according to Guo and 
 Gifford26. Sa et al.27 reported a decreasing rate of TC − 0.46 g C  kg-1 year-1 in the continuous cultivation of sev-
eral crops, including maize, for 22 years. In contrast, Dalal and  Mayer11 found that the decreasing rate of TC 
was approximately − 0.23 g C  kg-1 year-1 in maize cultivation for 30 years in temperate climate zones such as 
Australia. In the temperate climate zone of Iran, Shahriari et al.28 reported that the decreasing rate of TC ranged 
from − 0.19 to − 0.28 g C  kg-1 year-1 for 34 years. Similarly, Hajabbasi et al.29 reported that the decreasing rate 
of TC was − 0.77 g C  kg-1 year-1 under wheat and barley cultivation for 20 years in Iran. In the USA (temperate 
climate zone), Haas et al.30 reported that the decreasing rate of TC was − 0.15 g C  kg-1 year-1 under continuous 
maize cultivation for 30 years. In this study site, the decreasing rate of TC was estimated as − 0.48 g C  kg-1 year-1 
in the sloped fields. This decreasing rate was high compared to the rates reported in previous studies in temperate 

Figure 2.  Relationships between the five soil nutrients and the duration of continuous maize cultivation in 
the sloped fields, A totale carbon (TC), B total nitrogen (TN), C exchangeable potassium (Ex-K), D available 
phosphate (Av-P), and E exchangeable calcium (Ex-Ca). Error bars represent the standard deviation of the 
values from three sample sites of each filed.
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zones. However, the rate of decrease was close to zero in the flat fields (Table 2). The high decreasing rate of the 
slope field might be caused by soil erosion in addition to high temperature conditions. In flat fields with less 
impact of soil erosion, TC might decrease slowly even under high temperature conditions. Soil carbon retention 
is related to clay  content31,32, clay  minerals33,34, and climate  conditions35,36. The relatively high clay content (about 
35%) in the study site might mitigate the reduction in the decreasing rate of TC during continuous cultivation. 
TC content tended to be high in the field with high clay content, which also suggests the role of clay content in 
retention of TC. The remaining amount of TC per unit clay content varies with clay minerals. Further analysis 
of clay minerals is necessary to evaluate the decreasing rate of TC more precisely.

In the mountainous areas of Southeast Asia, land use has been changing from forest to crop cultivation. Along 
this land-use change, the area under maize cultivation has increased. For example, the maize cultivation area has 
increased more than twice in Indonesia, Vietnam, and Myanmar from 1980 to  201837. Fox and Vogler reported 
that market pressure was one of the influential factors increasing the cultivation area of cash crops in Southeast 
 Asia38. Since maize grain is used for feeding livestock and poultry, the increase in demand of meat in Asia will 
lead to an increase in the maize cultivation area. In Southeast Asia, because flat fields are mainly used for rice 
cultivation, maize cultivation will be undertaken in sloped fields. Our results indicate that the decreasing rates 
of soil nutrients were high in the sloped fields. Valentin et al. reported that maize cultivation in sloped fields was 
strongly related to soil erosion in five countries in Southeast  Asia39. Lal reported that soil degradation by ero-
sion caused serious nutrient loss in developing  countries34. Maize cultivation without appropriate management 
may decrease soil nutrients by a significant level for several decades in mountainous areas in Southeast Asia. For 
sustainable food production, management of soil fertility is required in sloped fields under maize cultivation.

conclusion
TC, TN, Av-P, Ex-K, and Ex-Ca content in soil showed a decreasing trend in farmers’ maize fields in Sainyabuli 
province, Laos. These soil properties could have reduced to almost half of the initial content during continuous 
maize cultivation for 30 years. The rates of decrease of the soil properties were high in the sloped fields. The 
decrease in TC, TN, Av-P, and Ex-K content is likely to cause a decrease in maize yield. Improvement of soil 
management is required to retain soil fertility.

Figure 3.  Relationships between the five soil nutrients and maize yield, A totale carbon (TC), B total nitrogen 
(TN), C exchangeable potassium (Ex-K), D available phosphate (Av-P), and E exchangeable calcium (Ex-Ca).



8

Vol:.(1234567890)

Scientific RepoRtS |        (2020) 10:11231  | https://doi.org/10.1038/s41598-020-67830-9

www.nature.com/scientificreports/

Received: 29 August 2019; Accepted: 15 June 2020

References
 1. Thongmanivong, S. & Fujita, Y. Recent land use and livelihood transitions in Northern Laos. Mt. Res. Dev. 26, 237–244 (2006).
 2. Vliet, N. et al. Trends, drivers and impacts of changes in swidden cultivation in tropical forest-agriculture frontiers: a global assess-

ment. Global Environ. Change 22, 418–429 (2012).
 3. Fujisao, K. et al. A study on the productivity under the continuous maize cultivation in Sainyabuli Province, Laos. I. Yield trend 

under continuous maize cultivation. Field Crops Res. 217, 167–171 (2018).
 4. Juo, A. S. R., Franzluebbers, K., Dabiri, A. & Ikhile, R. Changes in soil properties during long-term fallow and continuous cultiva-

tion after forest clearing in Nigeria. Agr. Ecosyst. Environ. 56, 9–18 (1995).
 5. Mallarino, A. P., Webb, J. R. & Blackmer, A. M. Corn and soybean yield during 11 years of phosphorus and potassium fertilization 

on a high-testing soil. J. Prod. Agric. Abstr. Res. 4, 12–317 (1991).
 6. Cai, Z. C. & Qin, S. W. Dynamics of crop yields and soil organic carbon in a long-term fertilization experiment in the Huang-

Huai-Hai Plain of China. Geoderma 136, 708–715 (2006).
 7. Moebius-Clune, B. N. et al. Long-term soil quality degradation along a cultivation chronosequence in western Kenya. Agric. Ecosyst. 

Environ. 141, 86–99 (2011).
 8. Lestrelin, G. & Giordano, M. Upland development policy, livelihood change and land degradation: interactions from a Laotian 

village. Land Degrad. Dev. 18, 55–76 (2007).
 9. Raich, J. & Schlesinger, W. The global carbon dioxide flux in soil respiration and its relationship to vegetation and climate. Tellus 

B 44, 81–99 (1992).
 10. Romkens, M. J. M., Helming, K. & Prasad, S. N. Soil erosion under different rainfall intensities, surface roughness, and soil water 

regimes. CATENA 46, 103–123 (2001).
 11. Dalal, R. C. & Mayer, R. J. Long-term trends in fertility of soils under continuous cultivation and cereal cropping in southern 

Queensland. II Total organic carbon and its rate of loss from the soil profile. Austr. J. Soil Res.  24, 281–292 (1986).
 12. Pennock, D. J., Anderson, D. W. & de Jong, E. Landscape-scale changes in indicators of soil quality due to cultivation in Saskatch-

ewan, Canada. Geoderma 64, 1–19 (1994).
 13. McCool, D. K., Brown, L. C., Foster, G. R., Mutchler, C. K. & Meyer, L. D. Revised slope steepness factor for the Universal Soil Loss 

Equation. Trans. Am. Soc. Agric. Eng. 30, 1387–1396 (1987).
 14. Liu, B. Y., Nearing, M. A. & Risse, L. M. Slope gradient effects on soil loss for steep slopes. Am. Soc. Agric. Eng. 37, 1835–1840 

(1994).
 15. Turkelboom, F., Poesenc, J., Ohlera, I. & Ongprasertd, S. Reassessment of tillage erosion rates by manual tillage on steep slopes in 

northern Thailand. Soil Tillage Res. 51, 245–259 (1999).
 16. Dupin, B., de Rouw, P. & K.B.A. & Valentin, C, ,. Assessment of tillage erosion rates on steep slopes in northern Laos. Soil Tillage 

Res. 103, 119–126 (2009).
 17. Kiyono, Y. et al. Predicting chronosequential changes in carbon stocks of pachymorph bamboo communities in slash-and-burn 

agricultural fallow, northern Lao People’s Democratic Republic. J. For. Res. 12, 371–383 (2007).
 18. Nyberg, G., Bargués Tobella, A., Kinyangi, J. & Ilstedt, U. Soil property changes over a 120-yr chronosequence from forest to 

agriculture in western Kenya. Hydrol. Earth Syst. Sci. 16, 2085–2094 (2012).
 19. Bray, R. H. & Kurtz, L. T. Determination of total organic and available forms of phosphate in soils. Soil Sci. 59, 39–45 (1945).
 20. Quine, T. A. & Zhang, Y. An investigation of spatial variation in soil erosion, soil properties, and crop production within an agri-

cultural field in Devon, United Kingdom. J. Soil Water Conserv. 57, 55–65 (2002).
 21. Zhang, J. H., Liu, S. Z. & Zhong, X. H. Distribution of soil organic carbon and phosphorus on an eroded hillslope of the rangeland 

in the northern Tibet Plateau, China.  Eur. J. Soil Sci. 57, 365–371 (2006).
 22. Homma, K. et al. Toposequential variation in soil fertility and rice productivity of rainfed lowland paddy fields in mini-watershed 

(Nong) in Northeast Thailand. Plant Prod. Sci. 6, 147–153 (2003).
 23. Asai, H. et al. Yield response of indica and tropical japonica genotypes to soil fertility conditions under rainfed uplands in northern 

Laos. Field Crops Res. 112, 141–148 (2009).
 24. Lal, R. Soil carbon sequestration impacts on global climate change and food security. Science 304, 1623–1627 (2004).
 25. Tulaphitak, T., Pairintra, C. & Kyuma, K. Changes in soil fertility and tilth under shifting cultivation. II. Changes in soil nutrient 

status. Soil Sci. Plant Nutr. 31, 239–249 (1985).
 26. Roder, W., Phengchanh, S. & Maniphone, S. Dynamics of soil and vegetation during crop and fallow period in slash-and-burn 

fields of northern Laos. Geoderma 76, 131–144 (1997).
 27. Sa, J. C. M. et al. Organic matter dynamics and carbon sequestration rates for a tillage chronosequence in a Brazilian Oxisoil. Soil 

Sci. Soc. Am. J. 65, 1486–1499 (2001).
 28. Shahriari, A., Khormali, F., Kehl, M., Ayoubi, Sh. & Welp, G. Effect of a long-term cultivation and crop rotations on organic carbon 

in loess derived soils of Golestan Province, Northern Iran. Int. J. Plant Prod. 5, 147–152 (2011).
 29. Hajabbasi, M. A., Jalalin, A. & Karimzadeh, H. C. Deforestation effects on soil physical and chemical properties, Lordegan, Iran.  

Plant Soil 90, 301–308 (1997).
 30. Haas, H.J., Evans, C.E. & Miles, E.F., Nitrogen and carbon changes in Great Plains soils as influenced by cropping and soil treat-

ments. United States Department of Agriculture Technical Bulletin No. 1164 (1957).
 31. Alvarez, R. & Lavado, R. S. Climate, organic matter and clay content relationships in the Pampa and Chaco soils, Argentina. 

Geoderma 83, 127–141 (1998).
 32. Müller, T. & Höper, H. Soil organic matter turnover as a function of the soil clay content: consequences for model applications. 

Soil Biol. Biochem. 36, 877–888 (2004).
 33. Parfitt, R. L., Theng, B. K. G., Whitton, J. S. & Shepherd, T. G. Effects of clay minerals and land use on organic matter pools. Geo-

derma 75, 1–12 (1997).
 34. Lomander, A., Kätterer, T. & Andrén, O. Carbon dioxide evolution from top- and subsoil as affected by moisture and constant and 

fluctuating temperature. Soil Biol. Biochem. 30, 2017–2022 (1998).
 35. Burke, I. C. et al. Evaluating and testing models of terrestrial biogeochemistry: the role of temperature in controlling decomposi-

tion. Models Ecosyst. Sci. 2003, 225–253 (2003).
 36. Food and Agriculture Organization of the United Nation, 2020, FAOSTAT. https ://www.fao.org/faost at/en/#data [access in 

2020/4/19].
 37. Valentin, C. et al. Runoff and sediment losses from 27 upland catchments in Southeast Asia: impact of rapid land use changes and 

conservation practices. Agr. Ecosyst. Environ. 128, 225–238 (2008).
 38. Fox, J. & Volger, J. B. Land-use and land cover change in mountane mainland Southeast Asia. Environ. Manage. 36, 394–403 (2005).
 39. Lal, R. Soil management in the developing countries. Soil Sci. 165, 57–72 (2000).

http://www.fao.org/faostat/en/#data


9

Vol.:(0123456789)

Scientific RepoRtS |        (2020) 10:11231  | https://doi.org/10.1038/s41598-020-67830-9

www.nature.com/scientificreports/

Acknowledgements
The authors thank the villagers residing at or near the study area for their cooperation during the investigation, 
and the district agriculture and forest office in Kenthao District, Sainyabuli Province, Laos. The authors also grate-
ful to Dr. Naoki Moritsuka of Kyoto University for his review of our manuscript. The soil samples were analyzed 
in Kyoto University, Japan, which was permitted by the Ministry of Agriculture, Forest, and Fisheries, Japan and 
the Ministry of Agriculture and Forestry, Lao PDR. This study was supported by Japan International Research 
Center for Agricultural Science as a part of the project, “The Establishment of the Sustainable and Independent 
Farm Household Economy in the Rural Areas of Indo-China.”; and partly supported by JSPS KAKENHI Grant 
Number 16H05779 and 19H03069.

Author contributions
KF conducted the research and wrote the paper. PK and SO interviewed farmers and helped the field investiga-
tion. NM and TS supported the research and joined the discussion. HA supported the soil analysis and joined 
the discussion. KH designed and supervised the study.

competing interests 
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to K.H.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access  This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this license, visit http://creat iveco mmons .org/licen ses/by/4.0/.

© The Author(s) 2020

www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Impacts of the continuous maize cultivation on soil properties in Sainyabuli province, Laos
	Anchor 2
	Anchor 3
	Materials and methods
	Study area. 
	Study fields and classification. 
	Soil analysis. 
	Maize yield analysis. 
	Statistical analysis. 

	Results
	Characteristics of soil properties. 
	Relationships between soil and continuous maize cultivation. 
	Relationships between soil properties and maize yield. 

	Discussion
	Trends in soil properties under continuous maize cultivation. 
	Degradation rate of soil properties. 

	Conclusion
	References
	Acknowledgements


